BACKGROUND: The aim of this study was to investigate whether electromyographic manifestations of fatigue and exercise tolerance were related to stage of disease in men with a COPD diagnosis. METHODS: Fourteen men with COPD with a diagnosis of mild to severe air flow obstruction were involved in 2 separate testing sessions. The first one consisted of a pulmonary function (FEV 1 and FEV 1 /FVC) and an exercise tolerance assessment using the 6-min walk test. During the second session, a multichannel surface electromyography was recorded from vastus medialis and vastus lateralis muscles during an isometric knee extension at 70% of maximum voluntary contraction. The slope of muscle fiber conduction velocity during the contraction was calculated as the index of fatigue. RESULTS: Conduction velocity slope significantly correlated with FEV 1 (vastus medialis: r ‫؍‬ 0.86, P < .001; vastus lateralis: r ‫؍‬ 0.68, P ‫؍‬ .01), FEV 1 /FVC (vastus medialis: r ‫؍‬ 0.70, P ‫؍‬ .006), and 6-min walk test (vastus medialis: r ‫؍‬ 0.72, P ‫؍‬ .005; vastus lateralis: r ‫؍‬ 0.80, P ‫؍‬ .001). CONCLUSIONS: The electromyographic manifestations of fatigue during sustained quadriceps contraction significantly correlated with disease severity and exercise tolerance in moderate to severe COPD.
Introduction
COPD is the fourth-leading cause of death worldwide, and it represents an important public health challenge. 1 It is characterized by progressive air flow limitation, not fully reversible, due to an abnormal inflammatory response of the lungs. 2 COPD patients develop a great number of extrapulmonary manifestations, such as lower limb muscle wasting, redistribution of fiber type ratio toward type II fibers, 3 and reduction in muscle oxidative capacity. 4 These comorbidities seem to be the main exercise-limiting factors in COPD patients 5 with a significant reduction in strength and endurance performances. 4 Recent studies have shown that lower limb muscle strength and fatigability are strictly connected with daily physical activity. In addition, they predict mortality, morbidity, and patient quality of life better than lung function measures. 6 Fatigability is usually assessed by the time to exhaustion in conjunction with electromyography (EMG). Surface EMG has been used to characterize neuromuscular fatigue during isometric tasks. 7 We refer to myoelectric manifestations of fatigue as all of the changes in surface EMG variables occurring during sustained muscle contractions. 8 Myoelectric manifestations of fatigue relate to alteration of muscle metabolic conditions, in particular to decrease of muscle fiber pH. 9 Multichannel surface EMG provides the possibility of estimating the propagation velocity of motor unit action potential along the sarcolemma. 10 Muscle fiber conduction velocity is an important physiological variable related to the size of recruited fibers. 11, 12 During submaximal isometric contraction, EMG variables show typical trends: decrement of conduction velocity, decrement of mean power spectral frequency, and increment of average rectified value. 13 Greater recruitment of type II muscle fibers has been demonstrated to generate greater myoelectric manifestations of fatigue, measured as a larger rate of changes of EMG variables over time. 14, 15 Therefore, multichannel surface EMG technology has been proposed as a tool for the noninvasive characterization of muscle phenotype composition. 16 Moreover, conduction velocity has been demonstrated to be a more reliable and sensitive index of fatigue with respect to power spectral frequency. 12 Monitoring EMG changes can provide useful insight to characterize fatigability in COPD, in addition to the widely used outcome measures of fatigue, such as mechanical task failure and decreased force capability after sustained or intermittent contractions. 17 Since myoelectric manifestations of fatigue are related to muscle fiber composition and metabolic conditions, they provide indirect but useful information on important peripheral muscle abnormalities of patients with COPD. Moreover, EMG changes occur starting at the beginning of a sustained contraction; consequently, they can be quantified before the task failure without requiring exhausting effort. 18 Hence, it is reasonable to hypothesize that monitoring EMG changes can characterize fatigability in COPD, avoiding the discomfort of exhausting effort. For these reasons, the first aim of the study was to assess the indexes of EMG fatigue in men with a COPD diagnosis, during submaximal isometric contractions of quadriceps muscle, to investigate whether they were related to stage of disease and exercise tolerance. The second aim of the study was to re-estimate the same indexes using only the first 10 s of the contraction to verify whether they still correlated with the stage of disease and exercise tolerance well before the task failure.
Methods

Participants
Fourteen men with a COPD diagnosis of mild to very severe air flow obstruction were recruited for the study. All participants were clinically stable, without any exacerbation of their disease in the 4 weeks before the study. The exclusion criteria were: presence of any respiratory tract infections, other respiratory diagnosis, major comorbidity (eg, cardiovascular diseases, diabetes, or cancer), and lower limb joint diseases. All participants provided their written informed consent before participation in the experiments. The research was previously approved by the Ethics Committee of the Department of Neurological and Movement Science, University of Verona, in accordance with the Declaration of Helsinki and the ethical standards of the International Journal of Sports Medicine. 19 
Procedure
This investigation is an experimental, cross-sectional study. Participants were involved in 2 separate testing sessions. The first one consisted of pulmonary function evaluation and subsequently exercise tolerance assessment. Three days later, surface EMG signals were recorded from the quadriceps muscle during submaximal isometric knee extensor contractions. Participants were instructed to refrain from performing strenuous physical activity in the 24 h before the experimental session.
During the first session, FEV 1 and FVC values were measured according to the American Thoracic Society /European Respiratory Society Task Force methods, 20 using a pulmonary function instrument with computer processing (Quark, Cosmed, Italy). After pulmonary function assessment, exercise tolerance was investigated with
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Current knowledge
COPD is the fourth-leading cause of death worldwide and an important public health challenge. COPD is characterized by irreversible progressive air flow limitation, due to an abnormal inflammatory response. COPD subjects develop lower limb muscle wasting and reduction in muscle oxidative capacity, resulting in exercise limitation. Lower limb muscle strength and fatigability are connected with daily physical activity and predict mortality, morbidity, and patient quality of life better than lung function measures.
What this paper contributes to our knowledge
The rate of change of conduction velocity during sustained quadriceps contraction significantly correlated with disease severity and exercise tolerance in mild to very severe COPD. The rate of change of conduction velocity calculated in the first 10 s of contraction was found to correlate with the time to exhaustion, disease severity, and exercise tolerance. The electromyographic manifestations of fatigue during sustained quadriceps contraction significantly correlated with disease severity and exercise tolerance in moderate to severe COPD. the 6-min walk test (6MWT), conducted according to the standardized protocol. 21 Subjects were instructed to walk down a 30-m shuttle hallway at their own pace while attempting to cover as much ground as possible in the allotted 6 min.
During the second session, knee extensor isometric peak torque was measured at 60°of knee flexion (0°ϭ full extension) using an isokinetic device (Cybex NORM dynamometer, Ronconcoma, New York). Participants were seated upright on the dynamometer chair and secured using a seatbelt. Participants became familiarized with the device by performing 10 submaximal isometric contractions. Then 2 maximal voluntary contractions 5 s long were exercised at 60°, separated by 5 min of rest. If maximal voluntary contractions differed Ͼ 5% from each other, a third one was performed. During maximal voluntary contraction, participants received visual feedback of exerted torque and strong verbal encouragement to reach their highest level in each trial. The highest maximal voluntary contraction was used to calculate submaximal loads.
Five min after the last maximal voluntary contraction, participants were involved in fatiguing submaximal position tasks. They were instructed to maintain a constant knee extension at 60°until voluntary exhaustion, supporting a load equivalent to 70% of the torque exerted during the maximal voluntary contraction. Participants received on a display visual feedback about the actual knee angle and were instructed to hold the target value of 60°. The task was considered failed when the limb moved Ϯ5°f or Ͼ 3 s. The time to exhaustion was calculated as the index of fatigability. Standardized encouragement was provided by an operator to maintain the limb as stable as possible.
EMG Recording
Myoelectric signals were recorded from vastus medialis and vastus lateralis muscles of the dominant leg in single differential configuration using linear adhesive electrode arrays of 8 electrodes with 5-mm interelectrode distance (OT Bioelettronica, Torino, Italy). Before the placement of the electrode arrays, the skin was slightly abraded with paste and cleaned with water in accordance with SENIAM (surface EMG for the non-invasive assessment of muscles) recommendations for skin preparation. 22 The optimal position and orientation of the array was sought for each muscle on the basis of visual inspection of the surface EMG signals. The sites with clear propagation of muscle fiber action potential and the main innervation zones were identified using a dry linear array of 16 electrodes with a 5-mm interelectrode distance (OT Bioelettronica). The adhesive electrode arrays were then placed parallel to muscle fibers, distally with respect to the innervation zone, where unidirectional propagation of the motor unit action potentials was detected. To assure proper electrode-skin contact, electrode cavities of the arrays were filled with 20 -30 l of conductive paste (Spes-Medica, Battipaglia, Italy). The electrode arrays were fixed using extensible dressing (Fixomull, Beiersdorf, Hamburg, Germany). The surface EMG signals were amplified, sampled at 2,048 Hz, band-passfiltered (3-decibel bandwidth, 20 -450 Hz, 12 decibels/ octave slope on each side), and converted to digital data by a 12-bit analog-to-digital converter (EMGUSB, 64-channel amplifier; OT Bioelettronica). Samples were visualized during acquisition and then stored in a personal computer using OT BioLab 1.8 software (OT Bioelettronica) for further analysis.
Data Analysis
The EMG signals were visually inspected to select the best channels to use for EMG variable estimations. Mean power spectral frequency, average rectified value, and conduction velocity of EMG signals were computed off-line with numerical algorithms 10 using non-overlapping signal epochs of 0.5 s. The correlation coefficient between the 2 adjacent double differential signals was calculated, and if the correlation coefficient was Ͻ 80%, the recorded signals were excluded from the analysis. Conduction velocities were calculated among all of the accepted channels. Average rectified value and mean power spectral frequency estimates were averaged among all of the accepted channels.
Linear regression was applied to the time course of EMG data to calculate the initial value, rate of change, and normalized rate of change (calculated as the percentage ratio between rate of change and initial value) of mean power spectral frequency and conduction velocity. 9 Normalized rate of change estimates were used as indexes of myoelectric fatigue. To test whether indexes of myoelectric fatigue can be suitable in the case of short non-exhausting contraction, linear regression of EMG estimates were calculated for 2 lengths of analysis: (1) the complete time course of contraction until task failure and (2) the first 10 s of contraction (20 epochs of 0.5 s) (see Table 2 ). The cut-off of 10 s was chosen because it was expected to be well before the task failure of all participants.
Statistical Analysis
The normal distribution of data was verified with the Kolmogorov-Smirnov test. Age, body mass index, lung function, distance covered in 6MWT, time to task failure, and myoelectric indexes of fatigue were expressed as mean Ϯ SD, by presenting a parametric distribution. Pearson correlations were used to test whether myoelectric indexes of fatigue were related to pulmonary function, 6MWT, and time to exhaustion. Two-way analyses of variance (2 length analyses ϫ 2 muscles) were conducted to detect differences in surface EMG variables (conduction velocity and mean power spectral frequency). When interaction results were significant, the post hoc analysis was performed using a t test with Bonferroni correction. The threshold for statistical significance was set to P Ͻ .05.
Results
Participant characteristics and performances are reported in Table 1 . The time to task failure during the sustained isometric contraction was 23 Ϯ 5 s (range 18 -30 s), and then the cut-off of 10 s to analyze the EMG preceded the task failure of each participant.
EMG Results
All conduction velocity estimates were found in the physiological range (between 3.5 and 5.7 m/s), and all EMG signals chosen for variable estimates showed a high correlation coefficient (85 Ϯ 5%). Representative examples of fatigue plots for 2 COPD subjects are reported in Figure 1 . The fatigue plots represent the time courses of each EMG variable during the sustained isometric contraction at 70% of maximal voluntary contraction.
Two-way analyses of variance did not show significant interaction for contraction length analysis ϫ muscles (conduction velocity: P ϭ .81; mean power spectral frequency: P ϭ .37), and no main effects for muscles (conduction velocity: P ϭ .79; mean power spectral frequency: P ϭ .29) and for length analysis (conduction velocity: P ϭ .66; mean power spectral frequency: P ϭ .72) were found. Myoelectric indexes of fatigue are reported in Table 1 , and differences between lengths of analysis are shown in Table 2 .
The correlation analysis between EMG variables and pulmonary function, 6MWT, and time to task failure is reported in Table 3 (for the complete contraction) and in Table 4 (for the first 10 s of contraction). In general, the slope of conduction velocity correlated better with pulmonary function and time to task failure than did the slope of mean power spectral frequency (Fig. 2) . 
Discussion
We investigated quadriceps muscle since alterations in muscle strength and fatigability in COPD are strictly related to quality of life and use of health-care resources. 4 This study provides further insights into neuromuscular fatigue in COPD, evaluating for the first time muscle fiber conduction velocity during an isometric contraction of knee extensor muscles. The main finding of this study was the significant correlation between rate of change of conduction velocity and both pulmonary function and the 6MWT. Moreover, the correlation between the conduction velocity index of fatigue and pulmonary function was significant (for the vastus medialis) also when the first 10 s of contraction was analyzed.
The rate of change of conduction velocity correlated with FEV 1 and FEV 1 /FVC, suggesting that myoelectric fatigability of COPD subjects is associated with pulmonary function and disease severity. This is an important finding since this can offer new representative indexes of fatigability and quadriceps muscle dysfunction in COPD. 17 A greater proportion of type II muscle fibers has been demonstrated to generate greater myoelectric manifestations of fatigue, measured as a greater decrease of conduction velocity over time. 14, 15, 23 Our results are in accordance with the meta-analysis of Gosker et al, 3 indicating that fiber type proportion was correlated with FEV 1 and FEV 1 /FVC in subjects with moderate to severe COPD. Protocols based on conduction velocity estimates, which were similar to the one adopted herein, have been proposed as a potential tool for noninvasive characterization of muscle fiber composition. 16 Indeed, several previous studies interpreted differences in the rate of change of conduction velocity during continuous isometric contractions as alterations in fiber type composition due to physical training, 24 pathologies, [25] [26] [27] and aging. 28 In addition to fiber type shifting toward more glycolytic fibers, other concurrent changes reported in the literature may contribute to increasing EMG fatigue with increasing severity of the disease. 4 Indeed, capillary density, capillary muscle fiber contact reduction, and lower levels of oxidative enzyme activity are usually related to reductions in muscle oxidative capacity. 4 The rapid rise in blood lactate levels during exercise is responsible for the decrease in muscle pH 29 that is related to the marked conduction velocity reduction with fatigue detected in our COPD group. Data in the literature support the presence of muscle dysfunction even in the early stages of COPD, and the resulting compromise of exercise tolerance also appears in subjects with mild to moderate disease. 30 The conduction velocity-related indexes of myoelectric fatigue detected during the sustained contraction were found to correlate with the time to task failure (vastus medialis: r ϭ 0.72; vastus lateralis: r ϭ 0.80) and with the distance covered in 6MWT (vastus medialis: r ϭ 0.77). 4 It is noteworthy that the 6MWT and the sustained contraction at 70% of maximal voluntary contraction rely on different energetic supplies, being mainly aerobic in the former and anaerobic in the latter task. Despite this difference, the performance in these 2 tasks might have been limited by the same impairment related to disease severity.
EMG Indexes of Fatigue
To the best of our knowledge, this is the first study assessing muscle fiber conduction velocity in COPD individuals. When we calculated the rates of change of EMG variables during the complete contraction, conduction velocity, compared with mean power spectral frequency, resulted in better correlation with FEV 1 . Remarkably, when 10 s of contraction was used to calculate the index of fatigue, only conduction velocity correlated with FEV 1 in vastus medialis, and a trend was shown in vastus lateralis. The findings herein confirmed that when fatiguing protocols are used to assess neuromuscular fatigue, the conduction velocity values provide more affordable and sensitive outcomes than spectral variables. 12 The poor sensitivity of the mean power spectral frequency rate of change may explain why a previous study 31 failed to detect differences in the mean power spectral frequency rate of change between COPD subjects and healthy adults.
Moreover, the rate of change of conduction velocity calculated in the first 10 s significantly correlated with time to task failure. This is an important finding, since it suggests that conduction velocity rate of change can be used to assess fatigability also in non-exhausting tasks. Therefore, monitoring conduction velocity during a sustained contraction can probably serve as an alternative to muscle endurance assessment, avoiding the discomfort of physical exhaustion and the bias induced by motivational factors. Mean Ϯ SD of electromyography of muscle fiber conduction velocity and mean power spectrum frequency from vastus lateralis and vastus medialis obliquus are shown. There were no differences between lengths of analysis in all conditions. CV ϭ conduction velocity VM ϭ vastus medialis VL ϭ vastus lateralis MNF ϭ mean power spectrum frequency
Muscle Differences
We compared 2 portions of quadriceps muscle, vastus lateralis and vastus medialis, which showed the same trends in the myoelectric indexes of fatigue. However, it seemed that fatigue indexes better correlated with lung function and exercise tolerance for vastus medialis than for vastus lateralis. Most evidence regarding COPD alteration at the histochemical level has come from investigations on the vastus lateralis muscle only. 3 The vastus lateralis is readily accessible for biopsy and has been used often, since it is considered representative of the whole quadriceps muscle femoris, in both aging and COPD studies. Since vastus lateralis is only a part of the whole quadriceps, we decided to expand the knowledge of another portion of that muscular group. Vastus medialis and vastus lateralis have been demonstrated to show different EMG behaviors in healthy elderly, 32 possibly due to their differences in histochemical properties. 33 Our findings suggest that quadriceps fatigability would be assessed with more sensitivity when EMG manifestations of fatigue are calculated from both vastus medialis and vastus lateralis rather than from only the vastus lateralis muscle.
Limitations of the Study
The main limitation of this study was the small sample size, which reduced the power of the results and the possibility of applying findings to the COPD population as a whole. Moreover, our sample was not balanced throughout the full spectrum of disease severity, since 8 of 14 subjects had a diagnosis of moderate COPD. Another important limitation was the absence of an age-matched control group. Our results on neuromuscular fatigue and exercise tolerance are likely to be influenced by age, making it difficult to interpret the results specifically for COPD subjects. The isometric contraction we used to assess fatigability was a task highly standardizable and easy to accomplish for the participants. However, such a task is far from real life movement and everyday physical demands. Future research should focus on overcoming the present limitations implementing the following advances: expanding the sample size to represent the full spectrum of disease severity, including an age-matched healthy control group, including the assessment of neuromuscular fatigue in dynamic contractions, and assessing the fatigability in other muscle Data from the whole contraction duration are shown. Correlation coefficients (Pearson r) between EMG fatigue indexes and pulmonary function, 6-min walk test, and time to exhaustion are shown. 6MWT ϭ 6-min walk test CV ϭ muscle fiber conduction velocity VM ϭ vastus medialis VL ϭ vastus lateralis MNF ϭ mean power spectrum frequency Data from the first 10 s of contraction are shown. Correlation coefficients (Pearson r) between EMG fatigue indexes and pulmonary function, 6-min walk test, and time to exhaustion are shown. 6MWT ϭ 6-min walk test CV ϭ muscle fiber conduction velocity VM ϭ vastus medialis VL ϭ vastus lateralis MNF ϭ mean power spectrum frequency groups and with tasks more related to the activities of daily life.
Conclusions
First, the rate of change of conduction velocity during sustained quadriceps contraction significantly correlated with disease severity and exercise tolerance in subjects with mild to very severe COPD. Such correlations can be interpreted as evidence of increasing neuromuscular fatigability when disease stages increase. Second, the rate of change of conduction velocity calculated in the first 10 s of contraction was found to correlate with the time to exhaustion, disease severity, and exercise tolerance. This finding suggests that the conduction velocity rate of change could also be used to assess fatigability in non-exhausting contractions.
